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uesaka@m.u-tokyo.ac.jp (N.U.), mkano-tky@m.u-tokyo.ac.jp (M.K.) In Brief Neural circuits are sculpted by eliminating redundant synapses and strengthening necessary connections depending on retrograde signals from postsynaptic neurons. Uesaka et al. demonstrate that progranulin, a multi-functional growth factor implicated in frontotemporal dementia, mediates retrograde signaling to counteract synapse elimination.
INTRODUCTION
Precise formation of neural circuits is fundamental for proper function of the nervous system. Exuberant synaptic connections are formed initially around birth, and then neural circuits are shaped by selective strengthening of necessary synapses and elimination of unnecessary redundant connections during later postnatal period (Kano and Hashimoto, 2009; Lichtman and Colman, 2000; Riccomagno and Kolodkin, 2015) . This process, generally known as synapse elimination, is crucial for the establishment of functionally mature neural circuits from neonatal immature ones. Among several models of synapse elimination in the developing brain, postnatal development of climbing fiber (CF) to Purkinje cell (PC) synapses in the cerebellum has been most extensively studied (Crepel, 1982; Hashimoto and Kano, 2013) . In neonatal rodents, multiple CFs with similar synaptic strengths innervate the soma of each PC (Hashimoto and Kano, 2003) . Subsequently, a single CF is selectively strengthened among multiple CFs in each PC during the first postnatal week (Hashimoto and Kano, 2003) . Then, only the strengthened CF (the ''winner'' CF) extends its innervation over growing dendrites of PCs (Hashimoto et al., 2009a; Ichikawa et al., 2016) . In contrast, the other weaker CFs (the ''loser'' CFs) are left on the PC soma and then mostly eliminated during the second postnatal week (Bosman and Konnerth, 2009; Hashimoto and Kano, 2013) . While many molecules involved in elimination of redundant CF synapses have been identified (Hashimoto and Kano, 2013) , relatively little is known about how single CFs are strengthened and then undergo translocation to PC dendrites.
In the present study, we searched for retrograde signaling molecules that are expressed in PCs and influence developmental CF synapse elimination. We found that knockdown of progranulin in PCs accelerated CF synapse elimination and reduced CF synaptic inputs. Progranulin is a multi-functional growth factor and is widely known to be involved in the pathogenesis of frontotemporal dementia (Baker et al., 2006; Cruts et al., 2006) . We show that progranulin derived from PCs retrogradely strengthens CF synaptic inputs and counteracts elimination of redundant CF synapses in the developing mouse cerebellum. Our results provide new insight into the roles of progranulin in the developing brain. (A-L) Sample traces of CF-EPSC (A, C, E, G, I, and K) and frequency distributions of the number of CFs innervating each PC (B, D, F, H, J, and L) for wild-type (WT) and progranulin conditional knockout (Grn-cKO) mice during P8 to P10 (A and B), P11 to P12 (C and D), P13 to P14 (E and F), P15 to P16 (G and H), P17 to P18 (I and J), and P20 to P30 (K and L). Numbers of tested PCs are indicated in parentheses (P8-P10, 3 mice for each genotype; P11-P12, 3 mice for each genotype; P13-P14, 5 mice for WT and 4 mice for Grn-cKO; P15-P16, 4 mice for each genotype; P17-P18, 3 mice for each genotype; P20-P30, 4 mice for each genotype). *p < 0.05, **p < 0.01 (Mann-Whitney U test). (M-P) Similar to (A)-(L) but for control (white columns) and Grn-KD (magenta columns) during P12 to P14 (M and N) , and for control (white columns) and Grn rescue (Grn-RES, orange columns) at P11-P12 (O and P). **p < 0.01 (Mann-Whitney U test).
(legend continued on next page)
an enhanced GFP (EGFP) under the control of L7 promoter, at the day of preparation (0 days in vitro [0 DIV]) (Uesaka et al., 2012 (Uesaka et al., , 2014 . Then we analyzed CF innervation of PCs electrophysiologically at 15-18 DIV in co-cultures by using whole-cell recordings from EGFP-positive knockdown PCs and EGFPnegative control PCs. Among several genes whose knockdown in PCs induced alteration in CF innervation, we focused on granulin (Grn), a causative gene of a certain form of frontotemporal dementia that encodes a multi-functional growth factor, progranulin. We found that about 65% of PCs with progranulin knockdown were innervated by single CFs, whereas less than 30% of control PCs did so ( Figures S1A-S1E) . Moreover, the amplitude of excitatory postsynaptic currents induced by CF stimulation (CF-EPSCs) became significantly smaller after progranulin knockdown ( Figure S1F ). The effects of progranulin knockdown were restored by simultaneous expression of cDNA that encode an miRNA-resistant form of Grn (Grn-RES) (Figures S1A-S1F). Thus, the acceleration of CF synapse elimination and the suppression of CF-EPSC amplitude were caused by the loss of function of progranulin in PCs.
Progranulin Counteracts CF Synapse Elimination In Vivo Our fluorescence in situ hybridization (FISH) analysis confirmed strong expression of progranulin in mouse cerebellar cells including PCs at postnatal day 12 (P12) and in adulthood (Figure S1G) . We generated conditional knockout mice in which the gene and protein of progranulin were deleted in PCs (GrncKO; Figures S1H-S1J). We found no apparent differences in the foliation and layer structure of the cerebellum and the dendritic morphology of PCs between wild-type (WT) and Grn-cKO mice (Figures S1K and S1L), indicating that gross anatomy of the cerebellum is normal in Grn-cKO mice.
We examined CF innervation in WT and Grn-cKO mice electrophysiologically in acute cerebellar slices from P8 to P30. We found that PCs in Grn-cKO mice had significantly fewer CFs than those of WT mice from P11 to P16 ( Figures 1C-1H ). In contrast, there was no difference in the number of CFs innervating each PC between genotypes from P8 to P10 (Figures 1A and 1B) and from P17 to P30 (Figures 1I-1L ). We verified these findings using miRNA-mediated progranulin knockdown in PCs in vivo. In PCs with knockdown of progranulin proteins (Figure S1M ), CF synapse elimination was accelerated during P12 to P14 ( Figures 1M and 1N ) to the same extent as in Grn-cKO mice ( Figures 1C-1F ). The accelerated CF synapse elimination by progranulin knockdown became normal by simultaneous expression of an miRNA-resistant Grn ( Figures 1O and 1P ), albeit with a slight increase in the total progranulin level ( Figures S1N  and S1O ). These results indicate that deletion of progranulin in PCs accelerates CF synapse elimination from P11 to P16.
Next, we measured the number of CF terminals around the PC soma at P13-P14 by counting large synaptic boutons immunopositive for vesicular glutamate transporter 2 (VGluT2), a marker for CF terminals. We found that 49% of PCs in Grn-cKO had less than three VGluT2-labeled CF terminals around their somata, whereas only 26% of PCs in WT mice did so ( Figure 1Q ), indicating that elimination of somatic CF synapses was accelerated in PCs of Grn-cKO mice.
Progranulin Strengthens CF Synapses and Promotes Their Extension along PC Dendrites In Vivo
We evaluated the strengths of the CF inputs in Grn-cKO mice. We found that the amplitude of CF-EPSCs was significantly smaller in Grn-cKO than in WT mice during P11 to P14 ( Figure S2A ). Further analysis revealed that the strongest CF-EPSCs were selectively affected in Grn-cKO PCs (Figures 2A and S2B ). We analyzed quantal EPSCs (qEPSCs) elicited by stimulating single CFs in Sr
2+
-containing external solution (Hashimoto and Kano, 2003) . The frequency of qEPSCs for the strongest CFs, but not that for the weaker CFs, was significantly lower in Grn-cKO PCs than in WT PCs (Figures 2B and 2C) . In contrast, the amplitudes of qEPSCs for the strongest and weaker CFs were not different between WT and Grn-cKO PCs ( Figure 2D ). These results indicate that the reduction of the strongest CF input in Grn-cKO PCs results presumably from a decrease in the number of release sites due to reduced innervation by the strongest CF. We then calculated the disparity ratio, which has been used for estimating relative difference among the strengths of multiple CF inputs (Hashimoto and Kano, 2003) . The values of the disparity ratio were significantly different at P11-P12, but were similar at other postnatal ages between Grn-cKO and WT PCs ( Figure S2C ). Taken together, these results suggest that progranulin selectively enhances synaptic inputs from the strongest CF during P11 to P16.
We examined the extent of CF translocation and the density of CF synapses on PC dendrites. The relative height of VGluT2-labeled CF terminals to the thickness of the molecular layer was significantly reduced in Grn-cKO mice during P12 to P14 ( Figure 2E ). The reduced CF extension was persistent in mature Grn-cKO mice during P35 to P38 and 2 to 3 months postnatally (Figures 2F and 2G) . However, progranulin knockdown in mature PCs after 6 weeks postnatally did not reduce CF extension into dendrites ( Figure S3A ). The density of CF synapses on PC dendrites was not different between WT and Grn-cKO during P12 to P14, P35 to P38, and adulthood ( Figure S3B ). These results indicate that the lack of progranulin in PCs during early development causes persistent reduction in dendritic innervation of the strongest CFs, whereas the deletion of progranulin from mature PCs causes no appreciable impairment of CF innervation.
Progranulin Deletion in PCs Directly Acts on CFs and Affects Their Development Some studies show that progranulin is expressed not only in neurons, but also in microglia (Petkau et al., 2012) . Moreover, (Q) Left: confocal microscopic images showing immunoreactivities for carbonic anhydrase 8 (Car8), a PC marker (magenta), and vesicular glutamate transporter type 2 (VGluT2), a marker of CF terminals (green), from a P14 mouse cerebellum. Scale bars, 20 mm. Right: frequency distributions of the number of perisomatic CF terminals on PCs for WT (white columns) and Grn-cKO (magenta columns) mice at P13-P14. Numbers of tested PCs are indicated in parentheses (3 mice for each genotype). ***p < 0.001 (Mann-Whitney U test). See also Figure S1 . the progranulin deletion in microglia has been reported to eliminate inhibitory synapses in the ventral thalamus during aging (Lui et al., 2016) . However, we found no apparent difference in the cellular density of microglia or the area of microglial processes and cell bodies in the cerebellum between WT and Grn-cKO mice ( Figures S3C-S3E ). We therefore conclude that progranulin influences CF synapse elimination presumably independently of microglia's function.
Previous studies demonstrate that CF synapse elimination is greatly influenced by impaired parallel fiber (PF)-PC synapse formation (Hashimoto et al., 2001 (Hashimoto et al., , 2009b Ichikawa et al., 2002) , reduced GABAergic inhibitory inputs to PCs (Nakayama A) Average amplitudes of CF-EPSCs in WT (white columns) and Grn-cKO (magenta columns) PCs for the strongest (control, n = 27 CFs, 3 mice; Grn-cKO, n = 12 CFs, 3 mice) and weaker (control, n = 38 CFs, 3 mice; Grn-cKO, n = 16 CFs, 3 mice) CFs during P11-P14. ***p < 0.001 (Mann-Whitney U test). (B) Representative traces of asynchronous quantal EPSCs evoked by stimulating the strongest CF and a weaker CF for WT and Grn-cKO mice at P14-P15 in the Sr 2+ -containing solution. Holding potential was À80 mV.
(C and D) Average frequency (C) and amplitude (D) of quantal EPSCs in WT and Grn-cKO PCs for the strongest (control, n = 12 CFs from 2 mice; Grn-cKO, n = 12 CFs from 2 mice) and weaker (control, n = 7 CFs from 2 mice; Grn-cKO, n = 8 CFs from 2 mice) CFs. *p < 0.05 (Mann-Whitney U test).
(E-G) Left: confocal microscopic images of the cerebellum showing immunoreactivities for Car8 (magenta) and VGluT2 (green) from mice at P13 (E), P35 (F), and 2 months (G). Scale bars, 20 mm. Right: relative height of VGluT2-labeled CF terminals in the molecular layer for WT (E, n = 33 regions from 4 mice during P12 to P14; F, n = 39 regions from 3 mice during P35 to P38; G, n = 53 regions from 2 mice) and Grn-cKO (E, n = 37 regions from 4 mice during P12 to P14; F, n = 56 regions from 3 mice during P35 to P38; G, n = 65 regions from 2 mice) cerebella. **p < 0.01, ***p < 0.001 (Mann-Whitney U test). et al., 2012), and altered morphology of Bergmann glia (Iino et al., 2001; Miyazaki et al., 2017) . We found that patterns of immunostaining were not altered in Grn-cKO mice for the markers of PF terminal, inhibitory synaptic terminal, PC, or Bergmann glia ( Figure S3F ), indicating that the basic morphology of these cellular elements is normal in Grn-cKO mice. Relationships between the amplitude of PF-mediated EPSC and the strength of PF stimulus were similar between WT and Grn-cKO mice ( Figure S3G ). The amplitude and frequency of miniature inhibitory postsynaptic currents (mIPSCs) were also similar between the two mouse strains ( Figure S3H ). These results indicate that the progranulin deletion in PCs affects CF synapse development not indirectly through altering structure or function of PF terminals, inhibitory synaptic terminals, or Bergmann glia, but directly through acting on CFs.
Progranulin Deficiency in PCs Results in Abnormal Motor Function in Adult Mice
We next tested whether progranulin deletion in PCs affected motor performance in adulthood. In an open field, activity level was reduced in Grn-cKO mice compared with WT mice ( Figure 2H ). In a footprint test, Grn-cKO mice showed little front/hind overlap, showing reduced uniformity of step alternation ( Figures 2I and 2J ). In the footprint test, the frequency of failure, in which mice stopped walking in the middle of runway or did not walk straight, was higher and that of (C) Average amplitudes of CF-EPSCs for Grn-cKO PCs (magenta columns) and Sema3A-KD in Grn-cKO PCs (blue columns) for the strongest (Grn-cKO, n = 14 CFs; Sema3A-KD in Grn-cKO, n = 6 CFs) and weaker (Grn-cKO, n = 20 CFs; Sema3A-KD in Grn-cKO, n = 6 CFs) CFs (3 mice for each) during P12 to P14. Error bars indicate SEM. *p < 0.05 (Mann-Whitney U test).
(D and E) Similar to (A) and (B) but for control (white columns, 7 mice), Grn-KD (magenta columns, 4 mice), Sema3A-KD (green columns, 4 mice), and Sema3A-and Grn-double KD (blue columns, 4 mice) during P12 to P14 (E). *p < 0.05, **p < 0.01, ***p < 0.005 (Steel-Dwass test).
success was lower in Grn-cKO mice ( Figure 2K ). In a beam walking test, the time from start to goal on the beam tended to be longer in Grn-cKO ( Figure S3I ). In contrast, we found no significant differences between WT and Grn-cKO mice in a rotarod test ( Figure S3J ). These results show that the lack of progranulin in PCs causes mild deficit in motor performance.
Progranulin Cooperates with Semaphorin 3A (Sema3A) to Strengthen CF Synapses We have previously demonstrated that Sema3A derived from PCs strengthens CF synapses and counteracts CF synapse elimination in the developing cerebellum (Uesaka et al., 2014) . To examine the possible interaction between progranulin and Sema3A, we examined the effect of Sema3A knockdown in PCs of Grn-cKO mice. We found that when examined during P12 to P14, Sema3A knockdown further accelerated CF synapse elimination ( Figures 3A and 3B ) and reduced the amplitude of the strongest CF-EPSCs ( Figure 3C ) in Grn-cKO PCs, indicating that the effect of Sema3A knockdown and that of progranulin deletion are additive in PCs. We verified this finding by using lentivirus-mediated progranulin knockdown in PCs. Knockdown of progranulin and that of Sema3A in PCs accelerated CF synapse elimination to a similar extent ( Figures 3D and 3E ). Double knockdown of these molecules further accelerated CF synapse elimination when compared with the results of knockdown of either molecule alone ( Figures  3D and 3E) . These results strongly suggest that progranulin does not act downstream or upstream of Sema3A in PCs, and the two pathways cooperate to strengthen CF synapses and counteract CF elimination during P12 to P14. 
Sort1 on CFs Mediates the Effects of Progranulin
We next examined how progranulin derived from PCs strengthens CF synapses. Sortilin (Sort1) is considered to directly bind to progranulin and to cause its rapid endocytosis into neurons (Hu et al., 2010) . Our FISH analysis in the inferior olive shows that VGluT2-positive neurons projecting CFs, but not glutamic acid decarboxylase 67 (GAD67)-positive interneurons, strongly expressed Sort1 mRNA during the period of CF synapse elimination ( Figures 4A and S4A ). To examine whether Sort1 is involved in CF synapse elimination, we injected lentiviruses designed to express engineered miRNA against Sort1 together with EGFP into the inferior olive of mice at P1-P2. Our in vitro assay confirmed that the miRNA suppressed the expression of Sort 1 mRNA in HEK cells ( Figure S4B ). We then made whole-cell recordings from PCs in acute cerebellar slices prepared from the mice during P12 to P14. We confirmed that Sort 1 mRNA and protein were deleted in EGFP-positive inferior olivary neurons ( Figure S4C ) and in EGFP-positive CFs (Figure S4D ), respectively. We found that PCs surrounded by CFs in which Sort1 was knocked down were innervated by significantly fewer CFs when compared with control PCs sampled from where Sort1 knockdown CFs were absent in the same slices ( Figures 4B and 4C ). The effects of Sort1 knockdown were rescued by coexpression of an miRNA-resistant Sort1 (Sort1-RES) ( Figures 4D, 4E , and S4B) with the total Sort 1 level similar to the control ( Figures S4E and S4F ). The EPSC amplitudes of strongest CFs, but not of weaker CFs, were significantly smaller in PCs sampled from Sort1 knockdown regions (Figure 4F) . To test the possibility that Sort1 is a functional progranulin receptor in CFs, we compared the effect of Sort1 knockdown in CFs between WT and Grn-cKO mice. We found no differences between the two groups in terms of the effect on CF synapse elimination ( Figures 4G and 4H ) and the amplitude of the strongest CF-EPSCs ( Figure 4I ). These results clearly show that the effect of Sort1 knockdown in CFs is occluded by progranulin deletion in PCs. We then examined whether the level of Sort1 expression in CFs is a determinant of survival or elimination of CFs. We did not find clear difference in the percentage of CF terminals with Sort1 immunoreactivity between those on the soma and on the dendrites (Figures S4G and S4H) . However, when Sort1 was overexpressed in CFs together with EGFP, such CFs were more likely to be maintained ( Figures 4J and 4K) . We first confirmed that the percentage of synaptic terminals with Sort1 immunoreactivity was significantly increased in CFs with Sort1 overexpression compared to control CFs (Figures S4G and S4H) . We found that PCs surrounded by CFs with Sort1 overexpression were innervated by a significantly larger number of CFs than PCs surrounded by CFs without Sort1 overexpression (Figures 4J and 4K) . Moreover, the EPSC amplitudes for weaker CFs that were considered to innervate the soma were significantly increased when Sort1 was overexpressed ( Figure 4L ). In contrast, those for the strongest CFs that were considered to innervate the soma and dendrites were unchanged even with Sort1 overexpression (Figure 4L ), presumably because endogenous Sort1 may be sufficient for supporting the strongest CFs. These results suggest that CFs bearing fewer Sort1-positive presynaptic terminals and/or CFs bearing terminals with lower Sort1 expression are prone to be eliminated, whereas CFs bearing more Sort1-positive terminals and/or CFs bearing terminals with higher Sort1 expression are likely to be maintained. Therefore, progranulin from postsynaptic PCs is thought to stabilize both somatic and dendritic CF synaptic contacts by retrogradely acting on Sort1. However, presumably because elimination signals preferentially attack somatic CF synapses, progranulin appears to contribute eventually to the selective strengthening and dendritic translocation of the strongest CFs.
DISCUSSION
CF synapse elimination in the cerebellum is a representative model of neural circuit refinement during postnatal development (Hashimoto and Kano, 2013) . Mechanisms underlying the elimination of redundant CFs have been studied extensively and a number of molecules involved in this process have been identified. For example, P/Q-type voltage-dependent Ca 2+ channel (VDCC) (Hashimoto et al., 2011; Miyazaki et al., 2004) and the type 1 metabotropic glutamate receptor (mGluR1) (Ichise et al., 2000; Kano et al., 1997; Levenes et al., 1997) are key molecules in PCs that drive two distinct signaling cascades for CF synapse elimination, and Sema7A and BDNF mediate retrograde signals from PCs to facilitate elimination of redundant CF synapses (Choo et al., 2017; Uesaka et al., 2014) . (B and C) Sample traces of CF-EPSC (B) and frequency distributions of the number of CFs innervating each PC examined during P12 to P14 for control (white columns, 3 mice) and Sort1 knockdown (Sort1-KD) (magenta columns, 3 mice) PCs (C). Numbers of tested PCs are indicated in parentheses. **p < 0.01 (Mann-Whitney U test).
(D and E) Similar to (B) and (C) but for data from control (white columns, 6 mice) and Sort1 rescue (Sort1-RES; pink columns, 6 mice) PCs during P11 to P14. (F) Average amplitudes of CF-EPSCs in control and Sort1-KD PCs for the strongest (control, n = 15 CFs; Sort1-KD, n = 33 CFs) and weaker (control, n = 28 CFs; Sort1-KD, n = 39 CFs) CFs (3 mice for each). *p < 0.05 (Mann-Whitney U test).
(G and H) Similar to (B) and (C), but for data from Srot1-KD in WT PCs (magenta columns, 4 mice) and Sort1-KD in Grn-cKO PCs (orange columns, two mice) during P12 to P14. (I) Average amplitudes of CF-EPSCs in Sort1-KD in WT PCs (n = 11 CFs, 4 mice) and Sort1-KD in Grn-cKO PCs (n = 9 CFs, 2 mice) for the strongest CFs.
(J and K) Similar to (B) and (C), but for data from control (white columns, 4 mice) and Sort1 overexpression (Sort1-OE) (purple columns, 4 mice) during P13 to P15. (L) Average amplitudes of CF-EPSCs in control and Sort1-OE for the strongest (control, n = 36 CFs; Sort1-OE, n = 28 CFs) and weaker (control, n = 23 CFs; Sort1-OE, n = 37 CFs) CFs (4 mice for each). *p < 0.05 (Mann-Whitney U test).
Error bars in the graphs of (F), (I), and (L) indicate SEM. See also Figure S4 .
In contrast, distinct mechanisms are considered to be involved in selective strengthening of single CFs and their dendritic translocation. Ca 2+ influx through P/Q-type VDCC to PCs is essential for these processes (Hashimoto et al., 2011) . Insulin-like growth factor 1 has been shown to enhance the strengths of CF synapses from P8 to P12 and promote their survival from elimination (Kakizawa et al., 2003) . We have reported that Sema3A derived from PCs acts retrogradely onto PlexinA4 at CFs and strengthens CF synaptic inputs from P8 to P18 (Uesaka et al., 2014) . In addition, a recent study suggests that C1ql1-Bai3 signaling anterogradely strengthens and maintains single-winner CFs (Kakegawa et al., 2015) . However, compared to elimination of weaker CF synapses, much less is known about the mechanisms for selective strengthening of single CFs and their dendritic translocation.
In the present study, we identified progranulin as one such molecule. We demonstrate that progranulin derived from postsynaptic PCs enhances the strengths of CFs and promotes their maintenance from P11 to P16. Progranulin appears to strengthen and/or maintain both the strongest and weaker CFs on PCs and oppose their elimination. However, since the strongest CFs monopolize CF synaptic terminals expressing Sort1 on the dendrites, the maintenance effect of progranulin will be biased toward the strongest CFs. Elimination signals may affect both the strongest and weaker CFs primarily on their synaptic terminals on the soma, but only the strongest CFs will survive because they have Sort1-positive synapses on the dendrites.
Although this retrograde action of progranulin is similar to that of Sema3A-PlexinA4 signaling (Uesaka et al., 2014) , the effect of Sema3A knockdown on CF synapses was additive to that of progranulin deletion or knockdown in PCs. Moreover, the effect of Sema3A emerges at around P8, a few days earlier than that of progranulin (at around P11). These results strongly suggest that progranulin and Sema3A function independently but cooperate to strengthen CF synapses and to counteract CF elimination during P11 to P16.
Progranulin has been shown to enhance neurite outgrowth and neural survival in primary culture of motor neurons and cortical neurons (Van Damme et al., 2008) , and affect synapse density and release probability in primary hippocampal cultures (Tapia et al., 2011) . Recent studies showed that global progranulin knockout mice had expanded PC dendrites and exhibited abnormal motor function (Matsuwaki et al., 2015; Petkau et al., 2012) . In addition, a recent report showed that loss of progranulin in microglia triggered microglia-mediated pruning of inhibitory synapses in the ventral thalamus of aged mice (Lui et al., 2016) . In the present study, we found the abnormal gait and locomotor activity but no apparent changes in PC dendrites and cerebellar microglia in Grn-cKO mice. The differences between the previous and present results could be attributable to differences in cell types examined, mouse ages, and/or mouse strains.
Mutations of progranulin have been identified as a major cause of familial frontotemporal lobar degeneration (Baker et al., 2006; Cruts et al., 2006) . Moreover, a low expression level of progranulin and its gene variability have been found in some patients with autism spectrum disorder and schizophrenia (Al-Ayadhi and Mostafa, 2011; Galimberti et al., 2012) . Our results suggest that the loss-of-function mutation of progranulin may cause excess synapse elimination, whereas mutation that enhances progranulin function may lead to insufficient synapse elimination. Accumulating evidence suggests that disruption of developmental synapse elimination underlies the pathology of autism spectrum disorder and schizophrenia (Glantz and Lewis, 2000; Penzes et al., 2011; Tang et al., 2014) . It is therefore conceivable that the abnormality of progranulin signaling may disturb synapse elimination and increase the risk of developing neuropsychiatric disorders and dementia.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: were used. All experiments were performed in accordance with the guidelines set down by the experimental animal ethics committees of the University of Tokyo, Hokkaido University, Niigata University, and the Japan Neuroscience Society.
METHOD DETAILS
Organotypic coculture of the cerebellum and medulla oblongata The olivo-cerebellar cocultures were prepared as described previously (Uesaka et al., 2012) . In brief, the ventral medial portion of the medulla (containing inferior olivary neurons) was dissected from rats on embryonic day (E)15. Cerebellar slices (250 mm thick) were dissected from the vermis of mice at P10. A block of the medulla was plated at the ventricular side of the cerebellar slice on a membrane filter (Millicell-CM PICMORG50, Millipore), which was coated with rat-tail collagen. The cultures were maintained at 37 C in an environment of humidified 95% air and 5% CO 2 .
Preparation of viral vector constructs Virus vectors were constructed as previously described (Uesaka et al., 2012) . Briefly, the vectors were designed to express EGFP, microRNA (miRNA), and/or cDNA under the control of the murine embryonic stem cell virus (MSCV) (pCL20c-MSCV) or under the control of a truncated L7 promoter (pCL20c-trL7) (Sawada et al., 2010) . The following engineered microRNAs were designed: 5 0 -TGCTGAGAGTCAGGACATTCAAACTGGTTTTGGCCACTGACTGACCAGTTTGAGTCCTGACTCT À3 0 and 5 0 -CCTGAGAGTCAG GACTCAAACTGGTCAGTCAGTGGCCAAAACCAGTTTGAATGTCCTGACTCTC À3 0 for progranulin-microRNA; 5 0 -TGCTGTGACTA TGCCCACAGCATTGGGTTTTGGCCACTGACTGACCCAATGCTGGGCATAGTCA 3 0 and 5 0 -CCTGTGACTATGCCCAGCATTGGG TCAGTCAGTGGCCAAAACCCAATGCTGTGGGCATAGTCAC À3 0 for Sort1-microRNA. The cDNA for progranulin, or Sort1 was obtained by RT-PCR of a cDNA library from the cerebellum or medulla of P10 mice. The QuikChange Lightning site-directed mutagenesis kit (#210518, Agilent Technologies) was used to generate RNAi-resistant forms of Grn, and Sort1 (Grn-RES, and Sort1-RES) in which seven nucleotides were mutated without changing the amino acid sequence in the miRNA targeted site. Grn-RES was linked in-frame to mOrange2 interposed by a picornavirus ''self-cleaving'' P2A peptide sequence to enable efficient bicistronic expression. Each cDNA was subcloned into pCL20c-trL7 or pCL20c-MSCV. All constructs were verified by DNA sequencing.
Virus preparation and infection
The detailed procedure for viral vector production has been described previously (Uesaka et al., 2012) . For in vitro virus infection, cultured Purkinje cells (PCs) were infected at 0 or 1 day in vitro (DIV) by adding 0.5 ml (0.2-1.0 3 105 TU) of viral solution per coculture directly on the slices. For in vivo virus infection into the cerebellum, 4-5 mL (4-5 3 105 TU) of viral solution were injected into the cerebellar vermis of C57BL/6 mice at P1-P2. For in vivo virus infection into the inferior olivary neurons, 1-2 ml (1-2 3 105 TU) of viral solution were injected into the ventral medial portion of the medulla at P0-P2.
Electrophysiological recordings from PCs
The procedure for electrophysiological recordings has been described previously (Hashimoto and Kano, 2003; Uesaka et al., 2012) . The culture preparations of 15 to 18 DIV and acute cerebellar slices (250 mm) from P8-P30 mice were recovered for at least 30 min at room temperature by incubation in a reservoir chamber bathed in a solution of 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 20 mM glucose bubbled with 95% O 2 and 5% CO 2 . The preparations were transferred to a recording chamber and were continuously perfused with the oxygenated bath solution. The bath solution was used with addition of the following compound(s): picrotoxin (100 mM, nacalai) for recording climbing fiber-induced excitatory postsynaptic currents (CF-EPSCs) and parallel fiber-induced EPSCs (PF-EPSCs); NBQX (10 mM, Tocris), R-CPP (5 mM, Tocris) and tetrodotoxin (0.5 mM, nacalai) for recording miniature inhibitory postsynaptic currents (mIPSCs). Whole-cell recordings were made from visually identified or fluorescent protein-positive PCs using upright and fluorescence microscopes at 32 C (BX51WI, Olympus). Ionic currents were recorded with an EPC10 patch clamp amplifier (HEKA). Holding potential was À20 mV for CF-EPSCs, À80 mV for PF-EPSCs, and À70 mV for mIPSCs (corrected for liquid junction potential). The resistance of the patch pipettes was 1.5-2.5 MU when filled with an intracellular solution comprising 60 mM CsCl, 10 mM Cs D-gluconate, 20 mM TEA-Cl, 20 mM BAPTA, 4 mM MgCl 2 , 4 mM ATP, and 30 mM HEPES (pH 7.3, adjusted with CsOH). To activate climbing fibers (CFs) in olivo-cerebellar cocultures, four tungsten electrodes (3.5-4.5 MU, Catalog #UEWMGCSEKNNM, FHC) were placed in the medullary explants. In acute cerebellar slices, CFs were stimulated in the granule cell layer at positions 20-100 mm away from the PC soma. Single or multiple steps of CF-EPSCs were elicited in a given PC when the intensity of stimulation was increased gradually. The number of CFs innervating the recorded PC was estimated based on the number of discrete CF-EPSC steps elicited in that PC (Hashimoto and Kano, 2003) (Hashimoto and Kano, 2003) . PFs were stimulated in the molecular layer at the position where a maximum response was elicited with the stimulus current of 5 mA. Then, the stimulus intensity was decreased gradually from 5 mA to 0.5 mA to obtain input-output relations. The recording of mIPSCs was started 4 minutes after the rapture of PC membrane. Online data acquisition and offline data analysis were performed using PULSE software (HEKA), PULSE Fit software (HEKA) or Mini analysis Program (ver. 6.0.3, Synaptosoft) .
Immunohistochemistry
Mice from P10 to P70 of age were deeply anesthetized with pentobarbital (100 mg/g of body weight, intraperitoneal injection), perfused with 4% paraformaldehyde in 0.1 M phosphate buffer, and then processed to obtain parasagittal microsliced sections (100 mm in thickness). After permeabilization and blockade of nonspecific binding, the following antibodies were applied overnight at 4 C: an antibody against Car8 (Car8-GP-Af500 or Car8-Go-Af780, diluted 1:200, Frontier Institute) to visualize PCs; an antibody against vesicular glutamate transporter VGluT2 (VGluT2-Rb-AF720 or VGluT2-GP-Af810, 1:200, Frontier Institute), to label CF terminals; an antibody against vesicular inhibitory amino acid transporter VIAAT (VGAT-Rb-Af500, 1:200, Frontier Institute); an antibody against GLAST (GLAST-GP-Af1000, 1:200, Frontier Institute); an antibody against parvalbumin (PV-Go-Af460, 1:200, Frontier Institute), an antibody against Iba1 (019-19741, 1:500, Wako), an antibody against progranulin (AF2557, 1:500, R&D systems), an antibody against Sort1 (ab16640, 1:1000, Abcam) and/or an antibody against GFP (#06083-05, 1:1000, Nacalai Tesque). After incubation with secondary antibodies (an anti-rat Alexa Fluor 488 antibody, an anti-guinea pig Alexa Fluor 647, an anti-sheep Cy3, an anti-goat Alexa Fluor 647, an anti-mouse Cy5 antibody, an anti-rabbit Cy3 antibody), the immunolabeled sections were washed and then examined under a confocal laser scanning microscope (FV1200, Olympus).
Evaluation of knockdown efficacy HEK293T cells in a 24-well dish were transfected with an RNAi knockdown vector (progranulin-knockdown or Sort1-knockdown) and cDNA for Grn or Sort1 at 12hr-24hr after spreading these cells by using X-tremeGENE 9 reagents. For Grn, the cells were fixed one day later. After permeabilization, blocking, and application of primary (the rabbit antibody anti-progranulin which was raised against 568-589 amino acid residues (GenBank: NM_008175) by M. Watanabe) and secondary (donkey anti-rabbit Cy3; Jackson; 1:300, or donkey anti-mouse Cy3, Jackson; 1:300) antibodies, the fluorescence signals were examined under a confocal laser scanning microscope (FV1200, Olympus). For Sort1, total RNA was harvested from these cells at 24hr after transfection, using the RNeasy mini kit and RNase-free DNase set (#74104, IAGEN). Reverse transcription was performed using SuperScript III (11754250, Invitrogen). Quantitative RT-PCR using SYBR Premix Ex Taq (RR820S, TAKARA) was performed on an ABI Prism 7900 according to the manufacturer's instructions. The following primer pairs were used for this study: 5 0 -GGTGAGCTGAAGCCACAAAT-3 0 (forward) and 5 0 -TTCACTGGTATGAATCACTGCTG-3 0 (reverse) for amplification of Sort1; and 5 0 -CCTTGAGATCAACACGTACCAG-3 0 (forward) and 5 0 -CGCCTGTACACTCCACCAC-3 0 (reverse) for amplification of glyceraldehydes-3-phosphate dehydrogenase (GAPDH, internal standard). Relative expression levels were determined according to the 2-DDCt method (Applied Biosystems).
In situ hybridization
Mouse cDNA fragments of Grn (1-1827, GenBank: NM_008175), Sort1 (889-2028, GenBank: NM_001271599), VGluT2 (934-2060; GenBank: BC038375), and 67 kDa-glutamic acid decarboxylase (GAD67; 1036-2015; GenBank: NM_008077) were used. Digoxigenin (DIG)-or fluorescein-labeled cRNA probes were prepared for simultaneous detection of multiple mRNAs by fluorescence in situ hybridization (Yamasaki et al., 2010) . In brief, fresh frozen sections from P12, P14, and P30 mice were hybridized with a mixture of DIG-or fluorescein-labeled cRNA probes. After a stringent posthybridization wash, DIG and fluorescein were detected using a twostep method as follows: the first detection was performed using a peroxidase-conjugated anti-fluorescein antibody (Invitrogen) plus the FITC-TSA plus amplification kit (PerkinElmer); the second detection was performed with a peroxidase-conjugated anti-DIG antibody (Roche Diagnostics) and the Cy3-TSA plus amplification kit (PerkinElmer). TOTO3 (Invitrogen) was used for fluorescent nuclear counterstaining.
Morphological analysis
We measured the area for Car8-positive PC dendrites in the molecular layer in P35 mice and the cellular density and the cell body area of Iba1 positive microglial cells in P12 mice. The dendritic area of PCs per 100 mm 2 of the molecular layer was measured from 20 mm image z stacks using ImageJ (NIH). The cellular density and cell body area for Iba1 positive microglial cells were measured from 30 mm image z-stacks using ImageJ (NIH).
Behavioral tests
Male mice from 2 to 4 months of age were used for behavioral tests. The open field test was performed in a 50 cm 3 50 cm 3 40 cm (W 3 D 3 H) open field box for 10 min. Mice behavior was recorded through the video camera attached on the ceiling of the experimental room. Total distance mice traveled was automatically analyzed by the software (TimeOF4, O'Hara & Co.). To assess gait, motor coordination and motor learning, mice were subjected to a foot-print test, a beam walking test, and a rotarod test. For the foot-print test, mice were habituated to walk in an open-top runway (40 cm long, 10 cm wide, 10 cm tall) three times. Then, front and hind paws were painted red and black, respectively, with nontoxic paints. Mice were allowed to walk on the white paper set on the runway. Foot-print pattern was analyzed from six consecutive steps for each mouse. If appropriate six steps were not observed in foot-print patterns because mice did not walk straight or stopped walking in the runway, the data were omitted from analysis. By this criteria, the significantly larger number of Grn-cKO mice were omitted from analysis (3 out of 19 WT mice and 9 out of 18 Grn-cKO, p = 0.0382, Fisher's exact test). We analyzed the distance between the front and hind paws in the overlapping portions of foot-print patterns. For the beam walking test, we put mice on the origin of a columnar beam (2.8 cm diameter, 80 cm long, placed 70 cm above the floor) and measured time to cross the beam. A black goal box was placed on the end of the beam. Prior to the trial, mice were habituated to walk on the beam and to enter the goal box. During this habituation, mice were put on the middle of the beam and subjected to walk to the goal box five times. For the rotarod test, mice were placed on a resting state rotarod (model LE8205, Panlab) for five consecutive days with five trials per day spaced 30 min apart. For each trial, the rotarod was accelerated linearly from 4 rpm to 40 rpm over 300 s. Latency to fall from the start of rotation was measured.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data were expressed as the mean ± SEM. The Mann-Whitney U test, Student's t test, or Fisher's exact test were used for comparison of two independent datasets. Differences between groups were judged to be significant when p < 0.05. For multiple comparisons, the Steel-Dwass test and two-way ANOVA were used as indicated in the text. All statistical analyses were performed using JMP Pro software (SAS Institute).
